Enterocytes function as both absorptive and protective components of intestine that come in close contact with a variety of enteric factors, such as dietary, microbial, and parasites, that have potential to affect the organismal health. Understanding how enterocytes interact with this complex array of factors may help improve gut health particularly in the context of poultry production where it is also linked to food safety issues. The enterocyte in vitro culture can help screen different factors and their interactions with microbiome, and potentially be utilized in the development of interventions strategies for pathogens such as antibiotic alternatives. We developed a method to culture primary chicken enterocytes and conducted their characterization using cytochemical and proteomic methods, and investigated their potential to respond to different chemical stimuli. Using selected micronutrients, microbial toxins, and metabolic modulators, we assessed their effects on the viability and morphological changes in enterocytes. We found that whereas some nutritional factors (calcitriol, retinoic acid) produced different morphological changes, toxins such as aflatoxin B1 and deoxynivalenol produced enterocyte degeneration and death, and the bacterial lipopolysaccharide had very little effect compared on the basis of their mass. Both cyclic AMP and phorbol myristate acetate exhibited some cachectic effects on enterocytes with the later showing more severe changes. Thyroxin induced distinct morphological changes making the cells more cuboidal and Na-butyrate produced no significant change in morphology. The cytochemical and proteomic characterization suggest that these enterocytes largely belong to epithelial cell categories which may be amenable to analysis of biochemical paths and mechanisms of action of different factors that affect these cells. Based on these results we conclude that chicken enterocyte culture can be a useful in vitro model to study intestinal physiology.
INTRODUCTION
The intestine is unique because it not only absorbs digestive nutrients but also harbors many microbes including pathogens that have potential to affect the organismal physiology. Although the enterocyte linings of the intestine provide both its absorptive and protective functions (Snoeck et al., 2005; Miron and Cristea, 2012) , it, nevertheless, remains vulnerable to infections and metabolic dysregulations leading to malabsorption, inflammation, and enteropathy (Timbermont et al., 2011; Pantin-Jackwood, 2013; Ohta et al., 2017) . Maintaining gut health, therefore, is imperative for the optimal health of the organism.
Intestinal cell culture models thus can provide in vitro platforms to screen, test, and identify nutrients, chemicals, and other different factors that have the potential to influence intestinal physiology and understand the basis for their utilization and the interactions of these cells with different microbial and non-microbial entities. Although there are several intestinal cell culture models to study mammalian gastrointestinal physiology (Chopra et al., 2010) , only a very few avian cell models have been developed and exploited for such studies (Velge et al., 2002; Dimier-Poisson et al., 2004; Pierzchalska et al., 2012; Yuan et al., 2015; Kaiser et al., 2017) . Poultry products constitute a significant part of human food source, and a better understanding of avian gastrointestinal physiology may help improve both food security and safety. Therefore, the objective of this study was to develop an avian enterocyte culture and test its potential to study the factors that may influence avian intestinal physiology. The results here provide the methods of enterocyte culture, preliminary 4040 characterization of these cells, and the potential of these cells to respond to different bioactive factors.
MATERIALS AND METHODS

Enterocyte Harvest and Culture
Day-old broiler chicks were kept overnight under a brooding temperature ∼90
• F without feed but with ad libitum access to water. This procedure was approved by the institutional animal care and use committee (IACUC) of the University of Arkansas, Fayetteville, AR. The chicks were killed by decapitation and the small intestine, dissected free of mesenteries and connective tissues placed in Dulbecco's modified minimum essential medium (DMEM) containing 4.5 g glucose/liter (www.thermofisher.com) supplemented with 1X antibiotic antimycotic, 10 mM Hepes, 1X Na-pyruvate, and 10 mM glutamine (www.sigmaaldrich.com). The intestine segments were gently squeezed longitudinally with the help of a pair of tweezers to extrude mucosal tissues containing intestinal villi (Figure 1a) into the culture medium. The isolated mucosal tissues were then centrifuged at 300 g for 10 min and the pellet reconstituted in 0.1% Streptomyces hyaluronidase (www.sigmaaldrich.com) made with the DMEM and subjected to digestion for 30 to 40 min, then centrifuged to remove supernatant. The tissues were further digested with 0.025% trypsin-EDTA for 30 min, triturated, and centrifuged over Histopaque (1.119) medium (www.sigmaaldrich.com) for 30 min at 400 g. The cell layer at the gradient interface was collected and washed successively 3 times with DMEM medium by centrifugation, and the resulting pellet of cells and cell clusters (Figure 1b) were plated in PureCol TM bovine collagen I (www. Advancedbiomatrix.com) coated culture flasks in the above DMEM containing additional growth factor supplements which included 10% heat inactivated fetal bovine serum, IX insulin transferrin, selenite (www.sigmaaldrich.com), and 1X epithelial cell growth supplement (https://www.sciencellonline.com). The supernatant containing nonattached cells was decanted 2 d later and the foci of proliferating enterocytes ( Figure 1c) were replenished with fresh media to grow the cells to a semiconfluent state when they were dissociated with Accumax (www.sigmaaldrich.com) for subculture. The cells in the third or fourth passage ( Figure 1d) were dissociated, counted, and plated at desired densities for different assays. The primary cultures of enterocytes were conducted several times over a 2-yr period using different batches of chickens to test its repeatability and the resulting cells were frozen in liquid nitrogen and thawed randomly and propagated up to 6 passages as needed.
Immunofluorescence Assay
For cytochemical localization of antigens by immunofluorescence (IF), we used cells both after isolation and following their culture at third and fourth passages. Aliquots of the freshly isolated enterocytes were spotted onto glass slides using a cytocentrifuge and the cells were fixed with 4% p-formaldehyde in phosphate buffered saline (PBS) for 10 min, and stored dry for subsequent use. The enterocytes were cultured at the density of approximately 10,000 cells in 100 μL volume of culture medium on 25 mm Sarstedt plastic coverslips (https://us.vwr.com) in 12-well plates and allowed to attach overnight in the incubator where upon they were grown for 3 d submerged in complete culture medium. The coverslips containing enterocytes were fixed for 10 min in p-formaldehyde. For IF assay, the fixed cells were washed with PBS with 3 successive changes of PBS 5 min each then permeabilized with 0.1% Triton X-100 in PBS for 10 min, and blocked for 1 h with 10% goat serum in PBS then incubated overnight with primary monoclonal or polyclonal antibodies (Table 1 ) diluted in 0.1% bovine serum albumin (BSA) in PBS (antibody dilution buffer). The primary antibodies were diluted to ∼10 μg/mL or as suggested by the manufacturer and incubated overnight at 4
• C in a humidified chamber. Secondary antibodies such as goat anti-rabbit IgG or goat anti-mouse IgG conjugated to Alexa fluor 488 (www.abcam.com) were used to probe the bound primary antibody for 1 h followed by 3 successive washings with PBS. The cells were then counterstained with 4', 6-diamidine-2'-phenylindole dihydrochloride (DAPI) (0.2 μg/mL) for 5 min, washed, and mounted. The actin staining was done following to the manufacturer's (www.cytoskeleton.com) protocol. We used tetramethylrhodamine (TRITC) conjugated Sambucus nigra lectin (SNAII, http://eylabs.com), which binds to intestinal mucin (Baintner et al., 2000) , to probe these enterocytes. The IF-stained cells were mounted with ProLong gold antifade reagent 
Alkaline Phosphatase Activity Measurement
Intestinal epithelial cells express their tissue-specific alkaline phosphatase that plays many essential functions in maintaining gut homeostasis (Lallès, 2010) . The alkaline phosphatase activities of the enterocytes were determined using the cell lysates to hydrolyze p-nitrophenyl phosphate according to a previously described method (Rath and Reddi, 1979; Rath et al., 2007) . The cells were lysed with M-Per buffer (www.thermofisher.com), centrifuged at 10,000 g, and the alkaline phosphatase activity measured using an aliquot of the lysate and the lysis buffer as control.
Proteomic Profile
For proteomic analyses, the enterocytes were cultured at the densities of 10 5 cell/mL/well in 12-well plates and grown for 96 h following which the cells were rinsed twice 15 min each, with 1 mL of serum and growth factor free medium to deplete exogenous serum factors. Triplicate cultures were used for the analyses of their proteomic profiles after an additional 24 h of incubation in serum free medium. The cells were removed of supernatant and each added 0.5 mL of 4 M guanidine HCl buffer containing 20 mM Naacetate, pH 6.5, and triturated by freeze thaw and repeated pipetting to lyse the cells. The cell extracts from individual wells were centrifuged at 21,000 g for 10 min, and the supernatant dialyzed against excess volume of 25 mM NH 4 HCO 3 at 4
• C using 1,000 MW cut off Dispo dialyzers (www.harvardapparatus.com) over 3 to 4 d with 3 changes of ammonium bicarbonate. The retentate were subjected to reduction with 10 mM dithiothreitol (DTT) at 60
• C and alkylated with 20 mM iodoacetamide (Makkar et al., 2015; Packialakshmi et al., 2016) at room temperature for 1 h and digested for 24 h at 37
• C with MS grade trypsin (www.Thermofisher.com). The tryptic digests were desalted using Thermo Pierce C18 spin columns as per the manufacturer's suggested protocol. The eluted peptides were dried and resuspended in 0.1% formic acid (FA) for liquid chromatography tandem mass spectrometry (LC-MS/MS) analyses. Three samples from each group were individually analyzed using LC-MS/MS.
LC MS/MS and Data Analyses
Tryptic digests of the enterocyte proteins were subjected to LC MS/MS analysis using an Agilent 1200 series microflow HPLC coupled to a Bruker Amazon-SL quadrupole ion trap mass spectrometer with a captive spray ionization source. Tryptic peptides were separated at a solvent flow rate of 4 μL/min with 5 to 40% gradients of 0.1% FA (solvent A) and acetonitrile in 0.1% FA (solvent B) over a period of 300 min each using a C 18 (150 × 0.1 mm, 3.5 μm particle size, 300Å pore size, Zorbax SB) capillary column. The captive spray source was operated in a positive ion mode with a dry gas temperature of 150
• C, dry nitrogen flow 3 L/min, and capillary voltage of 1,500 V. The data were acquired in the auto MS (n) mode with optimized trapping condition for the ions at m/z 1,000. MS scans were performed in the enhanced scanning mode (8100 m/z/s), whereas the collision-induced dissociation or MS/MS fragmentation scans performed automatically for top intensity precursor ions with threshold intensity more than 10,000 arbitrary units for 1 min in the UltraScan mode (32,500 m/z/s). Each sample was run 3 times as technical repeats. A Bruker data analysis 4.0 software was used to pick peaks from the LC-MS/MS chromatogram using default settings and to create ProteinAnalysisResults.xml files used for MASCOT data base (www.matrixscience.com) search. Mascot search was carried out against the UniProt Gallus proteins to identify the proteins in the cell extracts. Tryptic peptides from all proteins were identified with a 95% confidence limit and reported based on <5% false discovery rate with at least 2 unique peptides. Both the parent ion and fragment ion mass tolerance set at 0.6 Da with cysteine carbamidomethylation and methionine oxidation as fixed and variable modifications in MASCOT search. MASCOT.dat files were then exported into Scaffold proteome software version 4.8 (http://www.proteomesoftware.com) to filter and organize proteins based on false discovery rates (Searle, 2010) . The gene list was subjected to functional classification using Protein ANalysis THrough Evolutionary Relationships (PANTHER, http://pantherdb.org) software.
Chemicals Affecting Enterocyte Morphology and Viability
To determine whether different micronutrients, toxins, or metabolic modulators differentially affect enterocytes, we tested a group of selective chemicals using their effects on cellular morphology and viability. For preliminary screenings we used several different chemicals ranging in the concentrations of 0.01 to 10 μg/mL to ascertain their tolerance by the cells based upon which we compared the responses of selective chemicals using a fixed dose concentration of 1 μg/mL in a typical assay. We used transretinoic acid, 1, 25 dihydroxy vitamin D3 (calcitriol) (www.sigmaaldrich.com), Salmonella typhimurium lipopolysaccharide (LPS) (endotoxin), aflatoxin B1 and deoxynivalenol, both mycotoxins, (www.listlabs.com), and 4 metabolic modulators, dibutyryl cyclic AMP (cAMP), a protein kinase A activator, phorbol 12-myristate 13-acetate (PMA), a protein kinase C activator, and sodium butyrate (a histone deacetylase inhibitor), and thyroxin, a hormone, examining their effects on enterocytes morphology and viability after 24 h of treatment. These chemicals were selected based on their known effects in the literature. Regardless of their density or morphology, the cells were considered viable if they did not show any overt signs of damage such as their detachment from the plate. For these assays, the enterocytes were plated at a density of 10,000 cells in 0.1 mL of culture medium/well in 96-well plates and grown for 3 d before adding the test chemicals adjusted to a final concentration of 1 μg/ mL, and incubated for 24 h. Triplicate cultures were used for each assay and the effects on the cell morphology were examined using a BX Olympus microscope and photographed with a CoolSnapPro camera (http://www.mediacy.com). We then assessed their viabilities and cellular health employing Alamar blue, a redox indicator dye, assay (https://www.fishersci.com). The dye was added at 25 μL/ well and the changes in the fluorescence monitored at 30-min intervals at 530 ex /590 em using a Millipore fluorescence plate reader over a 2-h period and the final results were calculated as mean ± SEM, and evaluated by general linear model procedure and Duncan's multiple range test using SAS statistical software (SAS, 2009).
RESULTS
The enterocyte preparation and culture from the harvest of intestinal villi through their growth is shown in Figure 1 . The enterocytes largely exhibited epithelial phenotype, were alkaline phosphatase positive, and maintained similar morphologies during successive cultures, tested up to 6 to 7 passages. These results were repeatable during several successive trials using different batches of chickens. Immunofluorescence localization of selective proteins, known to be associated with intestinal epithelium, is shown in Figure 2 . In freshly isolated enterocytes the actin showed an apical localization as a condensed band while it was dispersed as fibrous networks in cultured cells (Figure 2a) . Both pre and post culture enterocytes were positive for pan Cadherin, Na-K-ATPase, and to a lesser extent for ZO1, a tight junction protein. ZO-1, however, did not show its intended localization such as in the intercellular junctions. The enterocytes showed binding to Sambucus nigra lectin, SNA II, which binds to mucin-like material (Baintner et al., 2000) .
The enterocytes exhibited trophic elongations on treatment with retinoic acid and calcitriol but with thyroxin, they appeared more or less cuboidal (Figure 3) . Both aflatoxin B and deoxynivalenol (not shown) appeared to be cytotoxic, whereas LPS in the tested concentration did not show any discernible toxicity nor detachment from the substratum. Both cAMP and PMA induced changes in the enterocytes with the latter producing profound effect characterized by long drawn cellular processes, large intercellular spaces, and aggregation on longer period of treatment without the cells condensing or detaching from substratum. These cells were viable by trypan blue exclusion test (not shown). Alamar blue assay essentially showed the metabolic status of the cells with statistical differences among different treatment groups such as changes associated with AFB, dibutyryl cAMP, and PMA treatments where AFB produced minimal oxidation of the dye (Figure 4 ). Retinoic acid, calcitriol, and sodium butyrate treatment showed some morphological differences but no differences in Alamar blue assay compared with control. A total of 390 proteins belonging to 293 protein classes were identified using Scaffold proteome software and Gallus protein database (Supplementary Table S1 ). The PANTHER protein profile of the enterocytes showed predominant presence of nucleic acid binding, oxidoreductase, several types of enzyme and enzyme modulator, cytoskeletal, and signaling proteins by gene ontology classification ( Figure 5 ).
DISCUSSION
Our results show that the chicken enterocyte culture can be potentially used as an in vitro model to screen factors that may influence intestinal physiology. Although it is difficult to ascertain the exact nature of the enterocytes, their morphological attributes, behavior, and some selective cytochemical markers suggest that these cells largely belong to epithelial categories. These cells also express alkaline phosphatase known to be associated with enterocytes (Velge, et al., 2002; Mac Donal et al., 2008; Lallès, 2010; Pierzchalska et al., 2012) . Immunofluorescence staining using both pre and post culture cells showed these cells expressing antigens such as Na-K-ATPase and cadherin that are associated with epithelial tissues (Ando-Akatsuka et al., 1999; Rajasekaran and Rajasekaran, 2009; Assimakopoulos et al., 2011) . The presence of these antigens was also identified by proteomic analyses. The failure of antimammalian ZO-1 antibody, which binds that junctional protein, limits its use with avian cells. The proteomic profile of the enterocytes also matched the pattern of expression and abundance of those different classes of proteins that have been reported in the literature using isolated mucosal tissues from intestines of different mammalian and avian species (Danielsen et al., 2007; Lenaerts et al., 2007; Gilbert et al., 2010; McConnell et al., 2011; Luo et al., 2013; Zhang et al., 2015) . Some dominant classes of proteins in these tissues or isolated intestinal cells have been reported to be calcium binding, cytoskeletal, enzyme, enzyme modulators, membrane traffic, and transport associated proteins which are consistent with the nutrient utilization, transport, and barrier functions of enterocytes.
The response of enterocytes to different chemicals evaluated using Alamar blue assay and the cell morphology provide indications of factors that may affect intestinal health differentially. This vulnerability of enterocytes can lead to definitive health consequences. For example, some factors such as mycotoxins (aflatoxin B1 and deoxynivalenol) produce lethal changes in intestine by inducing apoptosis making it prone to enteritis and infection, whereas some bacterial products such as LPS, in similar mass basis, do not appear be detrimental which attest to the fact that these cells may have higher level of tolerance to some endotoxins that may be consistently present in the enteric environment. PMA and dibutyryl cAMP showed discernible morphological changes although they did not affect cellular viability yet, they appear produce physiological consequences. Cyclic AMP is known to cause secretory effect in the intestine and an increased level of cAMP in the intestine has been reported to decrease the restitutive potential of epithelial cells (Cavicchi and Whittle, 1999; Zimmerman et al., 2012) . PMA in particular produced significant cachectic effect on enterocytes increasing intercellular space and aggregation, indicative of its effect on gut permeability that has been described with croton oil, a major source of phorbol ester (Hecht et al., 1994; Berin and Buell, 1995; Tepperman et al., 2000; Wang et al., 2002) . Such cellular changes in vivo can increase the susceptibility of the intestine to enteric pathogen invasion. Thus, the PMAinduced changes can be a useful in vitro model to study "leaky gut" syndrome where epithelial barrier and integrity of intestine are compromised (Quigley, 2016; Awad et al., 2017; Mu et al., 2017) . Similarly, the retinoic acid, calcitriol, thyroxin, and butyrate, all appeared to have some trophic effects yet, they appeared to be different with respect to the changes in cell shape, possibly differ in the mechanisms of their action. These chemicals have been known to affect intestinal cell homeostasis, maturation, and calcium absorption (Kumar and Prasad, 2003; Wasserman, 2004 : Reboul, 2013 , 2015 .
In conclusion, we have described a chicken enterocyte culture system and shown its potential as a model to screen and identify factors that can affect intestinal physiology. It can also allow study many other aspects of intestinal physiology such as identifying antibiotics alternatives, modeling variety of infections, host parasite interaction, biochemical pathways, and mechanisms of actions of these factors.
SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science online. Table S1 : The list of identified proteins based on 2 unique peptides.
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